Abstract-The one-port cavity resonator technique based on the S 11 parameter measurement for measuring the complex permittivity of dielectric samples has been proposed. A novel dual-loop coupler is developed for avoiding and suppressing the spurious modes in oneport cavity resonator. Through threading the pair of half loop in the opposite direction, the opposite surface currents can be generated and only TE 011 mode will be excited. The operating principles of the dualloop coupler are investigated. This technique has the advantages of the coupling. Equivalent electronic circuit model has been set up. Simulation and experimental results show good agreement.
INTRODUCTION
Application of dielectric materials in the design of microwave components and microelectronics industries requires the exact knowledge of material parameters such as permittivity, conductivity and permeability.
Several methods of complex permittivity measurement of dielectrics such as: 1) the free-space technique [1] [2] [3] and 2) the transmission measurement technique [4] [5] [6] [7] [8] [9] [10] and 3) the cavity perturbation technique [11] [12] [13] , etc, have been developed in the last several decades. Each of these methods has its own advantages and shortages [14, 15] .
The perturbation theory of resonant cavities was first proposed by Bethe and Schwinger [16] . The method is more accurate than the other two techniques (the free-space technique and transmission measurement technique) and has been widely used to study the dielectric and magnetic properties of materials in microwave region, by measuring the shift of resonant frequency and the change in the Q-factor of the cavity when the sample is inserted into the cavity. In this method, the real part of complex permittivity is calculated from the change of the resonant frequency, and the imaginary part is done from the change of Q-factor. The accurate determinations of resonance frequency and Q-factor of the resonators are required.
The circular cylindrical cavity of TE 011 mode is often applied in this technique. It is important to guarantee that the cavity will have a clear resonant mode. In the conventional cavity, several coupling methods such as: 1) two coupling holes at the upper end plate [17] and 2) two coupling loops in the middle of the cavity wall [18] , etc. have been adopted in order to excite the TE 011 mode. In most of these methods, the grooves, gaps or absorbing materials in the lower end plate of the cavity are introduced to suppress the degenerate TM 111 mode. The dimensions of the grooves should be calculated exactly and machined accurately. On the other hand, these additional designs may introduce extra errors because of the inflection of the field configurations especially in the region of grooves or gaps.
To solve this problem, we propose a novel dual-loop coupler in TE 011 cavity as illustrated in Figure 1 . The measuring system is designed based on the reflected power technique.
Q-factor measurement of one-port microwave resonators employs measurements of the S 11 parameter as a function of frequency in the method described in presented paper. The coupler consists of two parts: a pair of half circle loops and a joint between them. The currents flowing on the pair of half loops generate fluxes with opposite directions by the Ampere's law. By setting this loop coupler at the desired position, the TM 111 mode can be suppressed and TE 011 mode excited in one-port cylindrical cavity. To the best of our knowledge, this kind of coupler has not been applied in measurement.
BACKGROUND

Perturbation Method
For a small dielectric sample of volume V s (nonmagnetic) inserted in a cavity having volume V c , the cavity perturbation method gives ε and ε in terms of the resonance frequency and Q-factor variation [19] .
where f c and Q c are the resonant frequency and quality factor of the empty cavity, respectively, f s and Q s are the corresponding quantities in the presence of the dielectric sample. The filling factor η is expressed by
Expressions for dielectric parameters are obtained based on the assumptions [20, 21] that the fields over most of the cavity volume are negligibly changed by the insertion of the sample, and the fields in the sample are uniform over its volume. From the resonance curve, we can obtain the resonance frequency and quality factor.
Q Measurements of One-port Microwave Resonators
Today the universal instrument for measuring Q factor is automatic network analyzer. In general, the resonance frequency is measured at the minimum or maximum of S 11 or S 21 . Q-factor measurements of two-port microwave resonators employ measurement of the transmitted and reflected power as a function of frequency. The scattering parameters at the detuned short position for the circuit shown in Figure 2 are calculated as [22, 23] .
where
Equation (4) can be applied to one-port resonators if β 2 is set to zero. So we can determine the power reflected from a one-port cavity at the loaded half-bandwidth points ±∆f L to obtain |s 11 (±∆f L )| (dB) = −3 + 10 log 1 + |s 11 
In most cases, the Q-factor can be measured directly by finding out the frequency between 3-dB points of the resonance curve. However, when the sample with high losses is inserted into the cavity, the matched condition of the system will be deeply changed, while the field distribution remains the same. In these cases, we should use (6) to get the value of Q-factor for higher accuracy as illustrated in Figure 3 . The key of the problem in perturbation technology is to guarantee that the cavity will have one dominant resonant mode.
Figure 2. An equivalent LCR circuit for the two ports system [14] . (1-β ) Figure 3 . Resonance curve of S 11 .
3. METHOD
Coupling Theory of Loop
Condon has given a most convenient theory of the excitation of cavities by loop coupler [24] . In general, a current flowing in the coupled loop will excite all of the cavity modes in varying degree [25] . The resonator has a number of resonant frequencies v n . An arbitrary field inside the cavity satisfied the boundary conditions can be expanded in terms of the resonant wave normal mode A n (ρ). It is assumed the loop is small compared to the wave length, that the current distribution in the loop is uniform in our theoretical analysis. So
M n is the flux through the loop of the nth mode. For a unit current, this is then equal to the mutual inductance between the coupling loop and the nth mode. And the impedance of the coupling loop can be calculated
where V is the volume of the cavity. It should be pointed out that the electric field at the loop coupler is the minimum that corresponds to the point where the input impedance is zero. Hence using (8) in fact shows the impedance of the point about λ/4 away from the feed point. The distribution of currents on the loop and the direction of the magnetic lines of flux should obey Ampere's circuital law. In the other place the trend of magnetic lines will be governed by the boundary condition of the cavity. 
Design
The main problem in the cavity perturbation technique is to suppress the degeneration between TM 111 and TE 011 modes. As shown in Figure 1 , we apply a novel dual-loop coupler in a cylindrical cavity. The coupler is located at the center of the upper end plate. The pair of half loops, each shorted on its one side, has been associated to a wire fed by a 50 ohm Type-N connector.
From (8), we get an equivalent LCR circuit for the dual-loop coupler as shown in Figure 4 . In the vicinity of the TE 011 mode, the equivalent circuit reduces to two parallel series circuits mutually coupled to the input line. The reference plane of Z in is about λ/4 away from the feed point. M 1 , L 1 , R 1 and C1 describe the electromagnetism characteristic of a half loop, and M 2 , L 2 , R 2 and C 2 are about the other. Because of the symmetry of the dual-loop coupler, M 1 , L 1 , R 1 and C 1 are equal to M 2 , L 2 , R 2 and C 2 respectively.
If the size of the loop is small compared with a wavelength, the surface currents can be assumed to be equal but with opposite directions on the either loop. The flux lines of TE 011 magnetic field passing through each half loop are in the opposite direction, and accord with the surface currents on both half loops as shown in Figure 5 . Supposing the TM 111 mode can be excited, the flux lines of the magnetic field passing through the each loop will have the same direction, which disaccord with the opposite currents on the both half loops based on Ampere's law. Hence the TM 111 mode can not be excited.
The conventional coupling methods in the TE 011 cavity are shown in Figure 6 . For case 1 as shown in Figure 6 (a), the cavity is coupled with two loops. Compared with the dual-coupler, the coupling loops get closer to a maximum of electrical field. It becomes evident that there will be more extra inflection among the driven loops, field and sample. For case 2 the grooved cavity is used to separate the degeneration between the TM 111 and TE 011 modes as shown in Figure 6 (b). The groove has to be accurately machined. And these designs may introduce the extra error because of the radiation from the end of the cavity.
RESULTS & DISCUSSIONS
Results
Experiments and simulations have been performed in our system. The radius of the circular cylindrical cavity presented here is 230 mm, and its height is 328 mm. In Figure 7 , simulation as well as experimental results are presented and compared. The circles on the |S 11 | curves represent the resonant frequencies of the cavity.
For the case of only one loop (r ≈ 15 mm, located at about half . The shape of the |S 11 | curve shows only one prominent resonance. In a cavity, the Q of the TE 011 mode is much larger than that of TM 111 mode. Hence it is easy to distinguish the TE 011 mode by the way of Q factor. Figure 7 (d) shows an optimum example from which the TE 011 mode resonant frequency and Q factor could be extracted, and thus, ε and ε can be determined using (1), (2) . The results of the measurement are tabulated in Table 1 . 
Discussions
In Section 3, the results represent a formal solution to the loop-coupling cavity. Mutual inductance or the magnetic flux through the coupling loop plays an important role in the analysis of the coupling. Hence we set a series of half circular faces parallel to the half loop and calculate the magnetic flux through these faces. Figure 8 illustrates a comparison between simulation and theoretical calculation for the case of dual-loop coupler, where ρ is the distance from the face to the axis of the cavity. The circle on the curve represents the location of the coupler. And the error is due to the local field near the coupler. Figure 9 shows the local field in the vicinity of the dual-loop coupler. Some of the magnetic flux lines through the coupling loop do not couple with the TE 011 magnetic field line and only contribute to the self-inductance. This self inductive reactance is the important reason for mismatch and multimode.
To increase our understanding of this coupler, we investigate the dimensions of the loop radius r, space between the two half loops w, and the angle between the loop face and the axis of the cavity θ. We show their influences on resonance curve and field configuration. Varying these parameters thus enables an optimum of M n by adjusting R to equal the characteristic impedance of the coaxial line and introducing a suitable reactance to tune out the reactance jX.
In Figure 10 , we present the magnitude of S 11 versus w (r ≈ 15 mm, θ = 0 • ). The shape of |S 11 | curve shows only one prominent resonance, beside which is a little spurious mode. We can see that w does not have a lot of influence on the location of resonant frequencies. But the resonant amplitude changes obviously. With the increase of w, the resonant amplitude increases at first and then decreases. In Figure 10 (a), the simulations show when w is about 0.05λg, we can obtain a good impedance match. In measurement we often need bigger w (about 0.1λg) maybe because of the conductor loss of the coupler as shown in Figure 10 (b). However, with the increase of w, not only the distribution of the surface currents will be more complex, but also the effect of the higher order modes and loss in the coupler become obvious. When w ≈ 100 mm, the match condition becomes worse and the spurious modes appear. And the trends of the simulation and measurement are consistent and accord with (8) .
In Figure 11 , we have simulated and measured for different r which varies from 5 mm to 25 mm. (w ≈ 30 mm, θ = 0 • ). The shape of |S 11 | curve is very sensitive to the radius. When the size of the loop is small, r less than 0.1λg, the currents on the loop can be assumed uniform. The best case is for about 15 mm as shown in Figure 11 (a). Meanwhile Figure 11 (b) shows in measurement we need larger r just as the situation of w.
When r and w increase, the coupler cannot be looked as a small loop. The relative magnitude of the TM 111 modes will increase, and their locations in the |S 11 | curve will change too. The distribution of the surface currents will be more complex and the spurious TM 111 modes appear. Figure 12 shows the |S 11 | curve of a mismatch case (r = 40 mm, w = 76 mm, θ = 0 • ). There are three peaks in the |S 11 | curve, where middle peak is TE 011 mode and the others are TM 111 modes. Figure 13 (a) illustrates the magnetic field distribution of the left TM 111 mode, and the schematic flow of the surface currents on the coupler is shown in Figure 13 current and magnetic field direction obeys the Ampere's circuital law.
Either of the half loops becomes the center of the magnetic field. In Figure 13 (c), we present the magnetic field distribution of the right TM 111 mode. And the surface currents in the coupler have been simulated as shown in Figure 13(d) . The currents on the two loops have the same direction, whereas in the TE 011 mode the currents are out of the phase. From these results we can infer that large r or w is not always benefit to excite the TE 011 mode in the cavity.
In Figure 14 , we present the input impedance curve versus θ is present. The angle varies between 0 • and 60 • (r ≈ 15 mm, w ≈ 30 mm). When θ = 0 • , the coupling depends on the radial magnetic field. As the θ increases, the axial flux line can also thread through loops. When the θ adjusts from 0 • to 60 • , M n increases at first and has a maximum at about 40 • . In this case the magnetic field line almost perpendicularly passes through the loop. The field and currents distribution are unaffected by the presence of the loop. The TM111 mode disappears almost completely.
CONCLUSION
Through threading the pair of half loops in the opposite directions, the opposite surface currents on the dual-loop coupler can be generated, and only TE 011 mode can be excited. Compared with the parameter w and r, θ is easier to tune, which is convenient for us to tune the system. We can first tune the parameters w and r about 0.1λg to get a approximate matching, then tune the angle to get exact matching and suppress the spurious mode. Then the resonant frequency and quality factor Q could be extracted from this optimized S 11 resonance curve of a one-port cavity resonator, and thus, ε and ε can be determined using (1), (2) . This method has the advantages of simple setting of the apparatus and fast tuning of the coupling. The error introduced by coupling will be reduced. In the future work, multi-loop coupler and printed technique will be used for better coupling and broadband measurements.
